The National Ignition Facility's (NIF) harsh radiation environment can cause electronics to malfunction during high-yield DT shots. Until now there has been little experience fielding electronic-based cameras in the target chamber under these conditions; hence, the performance of electronic components in NIF's radiation environment was unknown. It is possible to purchase radiation tolerant devices, however, they are usually qualified for radiation environments different to NIF, such as space flight or nuclear reactors. This paper presents the results from a series of online experiments that used two different prototype camera systems built from non-radiation hardened components and one commercially available camera that permanently failed at relatively low total integrated dose. The custom design built in Livermore endured a 5 × 10 15 neutron shot without upset, while the other custom design upset at 2 × 10 14 neutrons. These results agreed with offline testing done with a flash x-ray source and a 14 MeV neutron source, which suggested a methodology for developing and qualifying electronic systems for NIF. Further work will likely lead to the use of embedded electronic systems in the target chamber during high-yield shots.
INTRODUCTION
NIF uses gated x-ray cameras to provide spatial and time resolved images for ICF experiments.
1 A digital readout system is preferred to improve data acquisition efficiency and reduce personnel radiation exposure associated with film collection; however, NIF's harsh radiation environment can cause camera electronics to malfunction. Recently two radiation tolerant x-ray CMOS sensors have become available, which could potentially survive high-yield shots. The first is the 'Mk x Nk' sensor with a global reset feature that erases unwanted pixel charge fast enough to implement a dump and read concept. 2, 3 This sensor could replace film in the hGXI. 4 The second, are Sandia's Ultra-Fast x-ray Imagers, which are fast enough to gate out neutron induced background noise and detect photons and electrons directly. 5, 6 This sensor could be used in a single line-of-sight system and the gated laser entrance hole imager (gated-LEH).. 7, 8 Both radiation tolerant sensors need an associated set of radiation tolerant electronics to operate on high-yield shots.
Until now there has been little experience fielding electronic-based cameras in the target chamber under these conditions, so the performance of electronic components in NIF's radiation environment was unknown. To better understand the effects of NIF's radiation environment on camera electronics, a series of tests placed three systems inside NIF's chamber; Spectral Instruments model F1050 camera, Basler A641F camera, and a custom LLNL V1.0 camera. The LLNL V1.0 camera and F1050 camera were operated during NIF experiments. The test results helped verify that an offline test method using a flash x-ray machine and a 14 MeV neutron source could predict how the electronics would perform. This paper presents the online test results that were surprising since the same FPGA reacted differently to the same environment in two different camera designs. Also, the Basler cameras failed at relatively lower total integrated neutron dose and demonstrated a need for custom built 
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cameras for high-yield shots. Since the test conditions differed between the Basler camera system and the other two camera systems, the methodology, results, and discussion sections are divided into two subsections; active tests and passive tests.
BACKGROUND
NIF's Deuterium-Tritium (DT) shots produce the highest neutron yields that also result in gamma-and xray-photons, energetic ions, and electromagnetic radiation. 9 Inside the DIMs there is sufficient electromagnetic radiation shielding, so the principle damage mechanism for the electronics are the 14 MeV neutrons and high energy photons. 10, 11 It can be seen in the dose-profile Figure 1 that a yield of 10 16 neutrons at a standoff distance of 3.4 meters from target chamber center produces a relatively low Total Integrated Dose of 9.6 rads. The dose-rate on the other hand is fast with a full width half maximum of two nanoseconds that can induce transient currents in the electronics. Radiation hardened component are typically not qualified for this type of high dose-rate environment. Component with TID rating many orders of magnitude above a single shot on NIF can still be adversely affected, as with the FPGA discussed in the methodology section for the active tests. The primary concern at NIF are Transient Radiation Electronic Effects, although some camera electronics fail at relatively low Total Integrated Dose.
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NIF's target chamber is 10 meters in diameter. Operators insert and position diagnostics packages, such as camera electronics, inside the chamber with a Diagnostic Instrument Manipulator (DIM). 13, 14 Typically the camera electronics sit between 2 to 3.5 meters from the Target Chamber Center (TCC). At 3.4 meters from TCC the expected unshielded fluence is about 2 × 10 10 neutrons/cm 2 per 10 16 neutron shot. The neutron fluence can vary inside the DIM's metal enclosure since it provides shielding from the 14 MeV neutrons as they down scatter. An example of a typical fluence map is shown in Figure 2 . The map describes the expected fluence during a 10
16 neutron shot at the target chamber center. The map shows the expected fluence at the location of the Basler cameras for all neutron energies. Figure 2 shows the expected dose to electronics (in rad-silicon) due to neutrons.
METHODOLOGY

active NIF tests
Two different and promising CMOS cameras were operated in NIF's target chamber during yield shots to identify possible component upsets and failures. Both cameras were sequentially tested in the same location in the 90- 78 Diagnostic Instrument Manipulator positioned 3 meters from TCC. First, the 1050 Camera and then the LLNL-V1.0 camera. An hGXD sat in front of the camera, which provided additional shielding to the DIM itself. Simulated fluence and neutron dose levels at this location were about a factor of eight lower than the unshielded calculations seen in the unshielded dose profile Figure 1 . There was no line-of-sight with TCC since the cameras were enclosed in a water-cooled air-tight box. The camera electronics were tested as a system to simultaneously verify the design's performance, behavior of the components, and the firmware.
Both cameras used the ProASIC3 FPGA, which is made from the same silicon and 130 nanometer process as the radiation tolerant RT ProASIC3EL family. 16 Firmware upset mitigation techniques were not used for the tests like, Triple Modular Redundancy (TMR) and Hamming encoded state machines. 17 The FPGA outputted a 10 kHz square wave that was monitored remotely and indicated normal operation. The fiber-optic communication links were also monitored for upsets. A host computer mounted safely in the racks polled the cameras for the boards internal status, which was stored in various registers. Unexpected resets or changes in the register values indicated an upset. The FPGA's status registers could also help diagnose peripheral component failures and latch-ups. Bias voltages were monitored using onboard ADC's and two different reference voltages for comparison. Dosimetry was not used inside the box since access to the box was limited between shots. Instead, the shot's total-yield and positional information, including the surrounding materials, was enough to calculate the neutron and gamma fluence.
passive NIF test
Many of the NIF diagnostic system are designed around commercial off-the-shelf electronics (COTS). The COTS subsystems, when integrated into a diagnostic system, are operated in the expected radiation environment without failure. The diagnostic subsystems are comprised of electronic controls, power biasing circuitry, imaging sensors and data recording systems.
In response to the lack of published data regarding the response of COTS to 14 MeV neutrons, we put a test program in place to evaluate CCD camera systems to pulsed 14 MeV neutrons generated at the National Ignition Facility (NIF). One of the program goals was to establish an upper bound on the survivability of the camera electronics in this environment. To evaluate various electronic systems, a neutron test well has been installed at the NIF facility. The test well is a reentrant tube that protrudes into the target chamber and provides a landing for the device under test (DUT) at 4.5 meters from target chamber center (TCC), see neutron test well Figure 3 . Electrical power was also available in the test well so the Basler cameras could be operated before and after the shot as needed.
Front Toward TCC
A camera mounting assembly held 10 CCD cameras so that the image sensor was oriented normal to the forward neutron flux. Prior to each NIF shot, dark images were taken at several different integration times for a fixed gain value and then powered OFF. Following a yield shot the cameras were powered ON and dark images were acquired again in the same manner. The CCD sensors dark image response function increased the longer the cameras were exposed to the neutron field. After each shot, the cameras were powered on and tested until failure, which meant communication could not be established for various possible reasons. Measurements were taken over several months to establish a curve that can be used to predict when nominal electronic cameras fail. The fluence at the test location was inferred from the total yield measured during a single shot and the calculated fluence maps 18 that were generated with a full facility MCNP 15 model that included the NIF building structure and surrounding structure. The time integrated flux was also directly measured using activation samples. The CCD sensor dark current and "star" generation (hot pixels) were recorded 19 as a function of the cumulative yield until the camera failed. Once the camera failed, it was removed from service.
The DUT location was in a direct line-of-sight to the neutron source. During a yield shot, the DUT was exposed primarily to 14 MeV neutrons in a pulse width of approximately 5 ns. Following the initial prompt x-ray pulse, there was a less energetic neutron field with a broad spectrum of energies due to scattering that remains for several tens of milliseconds. Other particle types exist (primarily gamma radiation) in the neutron field that are a result of neutron interaction with the surrounding structures but were not the primary constituent tracked.
RESULTS
active tests
The 1050 camera logicaly upsets at a threshold of 1.4 × 10 8 n/cm 2 and all configurations registers reset. The camera was on a total of 32 shots, but only 20 of them had yield. The camera did not fail or latch up for the total accumulated fluence of 1.9 × 10 10 n/cm 2 . There was no observable disturbance in the communications received at the host machine operating safely in the racks. The test results are summarized in Table 1 The LLNL-V1.0 camera did not upset, nor was there any noticeable changes in the electronics bias levels used to tune various sensor parameters. So far, the camera has been exposed to one yield shot. To increase the fluence significantly, the camera electronics are being located closer to TCC since offline test results suggest the 
passive NIF test
This section presents the neutron effects data acquired in the test well during several 'ride along' NIF shots while the camera electronics were powered off. The final cumulative fluence was then recorded, seen in passive test results table 3. The measured cumulative probability function for the Basler cameras exposed to 14 MeV neutrons in the NIF test well. The data point for outlier at the high end is not shown but included in the data sample for curve fitting.
DISCUSSION
active NIF tests
The LLNL V1.0 camera did not demonstrate any Single Event Effects (SEE) nor did it demonstrate displacement damage effects in the bias voltages or temperature sensor. Furthermore, both the F1050 and the LLNL V1.0 cameras did not fail as a result of TID effects. Offline TID testing using a 14 MeV neutron source predicted the LLNL V1.0 camera could survive at least 28 high-yield shots or a fluence of 1.4×10 12 neutrons/cm 2 . Furthermore, Flash x-ray testing of the LLNL V1.0 camera indicated the upset threshold was approximatly 160 Rads-Si, which is not achievable with NIF's current test setup.
The upset level for the FD1050 camera in rads agreed with offline test results done at Cobham Rad with their Pulserad 112A Flash X-ray machine. The prompt x-ray pulse at Cobham was 20 ns FWHM which is wider than the dose seen in Figure 1 . The difference in dose-rate didn't have an affect on the camera's upset threshold between the two facilities.
Although the SEE cross section could not be deduced for each component, we found many components that could endure NIF's radiation environment at least up to yields of 5 × 10 15 neutrons. Other test limitations included the need for higher fluence and dosimetry attached to the camera electronics. Despite this constraint, the behavior for various electronics in NIF's radiation environment was still ascertained. The electronic components used in this LLNL V1.0 camera configuration demonstrated promise for operating a radiation tolerant sensor in NIF at 10 16 neutron yields.
Firmware design was crucial in the radiation tolerance of the camera system. The ProASIC3 FPGA in the F1050 camera upset at relatively low fluence levels compared with the LLNL V1.0 camera. After extensive troubleshooting and eliminating external possibilities such as the removing the voltage reset manager integrated circuit, we discovered that the FPGA's internal Phase Lock Loop (PLL) would force a logic reset. The PLL would lose lock at 1.4 × 10 8 neutrons/cm 2 , which reset the entire FPGA. Microsemi also observed and noted this behavior in their heavy ion test results. 16 The F1050 camera synthesized a 20 MHz frequency from a primary oscillator of 100 MHz. The ProASIC3 FPGA in the LLNL-V1.0 board used the PLL to distribute its primary 40 MHz clock. The difference between the upset thresholds suggests the effect is frequency dependent. Excess charge deposited in the PLL's charge pump during the prompt dose may have been the root cause.
passive NIF test
Measurements show that with the cameras powered off for each yield shot, the camera electronics failed between a fluence of 2.9 × 10 9 n/cm 2 and 2.1 × 10 10 n/cm 2 , with one outlier that failed at 8.7 × 10 11 n/cm 2 . This data established a failure curve that predicts camera lifetimes in NIF and could be extended to similar electronic COTS subsystem. The test results table 3 lists the camera failures as a function of integrated fluence. The maximum fluence of 3 × 10 10 n/cm 2 was taken as the upper limit for permanent damage. The lower limit begins approximately a decade lower at 1 × 10 9 n/cm 2 . The CDF in Figure 4 does not show the one outlier described in Table 3 , however, the fit curve did include it.
CONCLUSION
From the results so far, there appears to be a path to a radiation tolerant camera that operates during yield shots up to 10 16 neutrons at NIF. Radiation tolerant sensors and camera electronics open up possibilities for new diagnostic capabilities like gated-LEH 8 on high-yield shots and digital framing cameras. Furthermore, we have verified an offline method for qualifying electronics prior to testing at NIF. Further work will likely lead to the use of more embedded electronic systems in the target chamber during high-yield shots.
